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We have reported an anomalous acceleration of Pioneer
10 and 11 directed towards the Sun of aP = (8.74 ± 1.25) ×
10−8 cm/s2 [1,2]. Scheer [3], hypothesizes that the Pioneer
anomaly can be accounted for by i) non-isotropic thermal ra-
diation through the closed louvers and that ii) this radiation
has been \essentially constant throughout the mission." How-
ever, the actual physical and operational properties of the
craft, supported by design and telemetry data, show that this
hypothesis does not work.
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THE FUNDAMENTAL HYPOTHESIS: We re-
cently reported a result on the anomalous acceleration of
Pioneer 10 and 11, aP = (8.74 ± 1.25) × 10−8 cm/s2,
directed towards the Sun [1,2]. The veracity of the sig-
nal is undisputed, although the source of the anomaly
is subject to debate. Scheer has suggested that \most,
if not all, of the unmodelled acceleration" of Pioneer 10
and 11 is due to an essentially constant supply of heat
coming from the central compartment, directed out the
front of the craft through the closed louvers [3]. This is a
more subtle version of the earlier hypothesis of Murphy
[4] calling on the total electrical power as a mechanism.
We argued against that hypothesis from the lack of decay
of the acceleration with time [5].
But Scheer’s hypothesis does not work. The Pioneer
spacecraft were not built and do not work that way. (It
was known beforehand that during the extended mission
there would be \dissipation of 70 to 120 Watts of elec-
trical power by units within the compartment [6].") The
assumption of constancy is physically incorrect for two
reasons.
The rst of the two reasons for the incorrectness of
Scheer’s claim [3] is that the \central compartment"
consists not just of the hexagonal \equipment compart-
ment" but also of the \experiment compartment." These
two components are openly (radiatively) connected, sep-
arated by only a half plate, \partial vertical plate [7]."
(If one wanted to one could open the top of the equip-
ment compartment and stick one’s arm into the experi-
ment compartment.) Indeed, to help with heat dissipa-
tion from the experiment compartment during the early
stages of the flight, there are louvers placed on the front
of the experiment compartment that are similar to those
placed on the equipment compartment.
The second reason why Scheer’s claim of constancy is
incorrect is that even the heat dissipated only from the
\equipment compartment" is not a constant. The lack
of constancy of heat dissipated by itself invalidates the
hypothesis. This is even without showing that correctly
calculating the insulation/louver properties also rules out
the hypothesis.
Although the hypothesis is refuted, it is useful to show
that the spacecraft design and data do indeed support the
refutation. For those who are interested in these details
we now give them.
ELECTRICAL POWER AND THE LOU-
VERS: We begin by reviewing the total electrical power
of the craft generated at the RTGs. (See Figure 1.)
FIG. 1. The Pioneer 10 electrical power generated at the
RTGs as a function of time from launch to near the end of
1994. By 1998.5, only ∼68 W was generated.
After launch, when there quickly became a stable
∼ 165 W of power, the electrical power for Pioneer 10
rst decayed at a rate of ∼ 10.6 W/yr. After Jupiter
encounter the power decay rate changed to a new value
of ∼ 4.4 W/yr. Finally, after around 1987 the decay
rate changed to ∼ 2.6 W/yr. In particular, at the be-
ginning of our run (1987.0) ∼ 97 W was generated and
at the end of our run (1998.5) ∼ 68 W was generated.
The power decay rate (which was higher for Pioneer 11
[8]) was caused by degradation of the thermistor junc-
tions and other RTG electrical components on top of the
smaller radioactive decay rate of the Pu thermal sources
(a half-life of 87.74 yr or a decrease of ∼0.8% each year).
What happens to this available power? We normal-
ize to the end of our run, 1998.5. About 3 W goes into
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external IR cable losses. The remaining 65 W power
enters the central instrument compartment. There it is
approximately used as power for the Inverter Assemblies
(7 W), the Central Transformer-Rectier-Filter [CTRF]
and subsystems (21.1 W), a separate TRF (2 W) the
Traveling Wave Tube Amplier [TWTA] (27.8 W), and
the Power Control Unit [PCU] and battery (3 W). Other
small electronic components and base shunt-current loss
account for a few Watts. Therefore, at this late date
there are at best only a few Watts left for the experi-
ments or anything else. For example, in a recent July
2000 maneuver, which required enough power to run the
attitude and conscan subsystems, the TWTA had to be
turned o, ending its continuous activation.
Next, as can be veried in any of a number of references
[7,9,10], there are 8 W = 10 log10[8000] dBm = 39 dBm of
constant radio power being emitted in a collimated beam
towards the Sun (actually the Earth). This is presently
our largest systematic which, contrary to assertion [3],
works against aP and hence makes the nal value larger
than the experimental number. This means the total
possible heat power for the spacecraft bus is about 57
W, no matter how it escapes. (And remember, ∼ 63 W
of totally directed power are needed to explain aP [1].)
Now, recall that the louvers were open during the early
mission to let heat escape more easily. Further, in the
early stages there was also much more heat to be dissi-
pated through the shunt external regulator (called radi-
ator) and internal regulator. When there is high shunt
current, the dissipation is majority directed to the exte-
rior shunt radiator. (See Figure 2 [7].) These conditions
were to
FIG. 2. Design shunt power distribution as a function of
shunt current.
keep the temperature within the central compartment
from being too high. Later, when the louvers were closed
[5], the problem was the opposite, to try to keep in as
much heat as possible in order to maintain the constantly
falling temperature. In this lower-power situation, the
majority of the (smaller) shunt dissipation is interior to
the compartment. Further, the louvers when closed are
designed not to radiate heat but to retain heat. There
are second surface mirrors on the insides of the louvers.
(For more information see Ref. [11].)
This indicates that the heat from the compartment
is not radiated in a strongly directional sense along the
spin axis. Given Scheer’s assumptions [3] about the ef-
fective emissivities of the insulation and louver outside
material (0.01 and 0.27, respectively), how can that be
[12]? Because the assumptions are o by large amounts
(in opposite directions) from the real emittances (∼ 0.70
and 0.04, respectively) [7,13]. In fact saying all the 57 W
goes out the louvers with an area of∼1 m2 and the Stefan
-Boltzmann law would mean the exterior louver temper-
ature was 398 K. This explains why it is dicult to un-
derstand the hypothesized louver, directed-heat emission
mechanism [12]. Further, and as we will now come to, the
observed approximate constancy of the anomaly over the
data period [14] is in conflict with Scheer’s hypothesisis
since the heat in the compartment is not constant.
ELECTRICAL POWER DISSIPATION HISTORY: Now
go back from the end of our run. At the beginning of our
run, 1987.0, there was about 97 W total electrical power
or about 29 W more than at the end of our run. Where
did this go? Approximately 1 W more went to cable loss,
about 5 W more went to higher Inverter Assembly/TRF
losses, and ∼24 W went to run all the instruments. Of
this at least 12 W went into the equipment compartment
because the instruments are there. (Even a few of the
external experiments also have their electronics there.)
Further, the external Asteroid/Meteoroid detector (1.7
W) failed at Jupiter encounter and the external magne-
tometer (HVM) (3 W) failed just before our data set, so
this power also would be going to the interior shunt reg-
ulator. [We note again that for low shunt current almost
all of the heat loss was designed to be through the internal
shunt regulator. See Figure 2.] Therefore, at the begin-
ning of our run the size of the eect of Scheer’s thermal
hypothesis should be on the order of (73/57) = 1.26 times
the size of eect at the end of our run.
From the beginning to the end of our run, the ODP
results (before systematics) diered by only 0.19 U out
of a total nal eect of 8.74 U. [We dene 1 U ≡ 1×10−8
cm/s2.] We considered this dierence to be due to spin-
rate change. But even if it is not (and granted uncer-
tainties) there obviously is no measured dierence on the
order of 25%. (Observe that any RTG radiant-heat based
systematic [15,16] must also decay by 8% during our data
run.)
Going further back might allow us to get an even better
handle on this. In Figure 7 of Ref. [1] we showed prelimi-
nary ODP results for Pioneer10 using data from approxi-
mately 1981.5 to 1989.4. These results were not spin-rate
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change adjusted [1], not treated for systematics, used dif-
ferent time-evolving estimation procedures [1], were done
by three separate JPL navigation specialists, separated
and smoothed by one of us [17], and denitely not ana-
lyzed with the care of our recent run (1987.0 to 1998.5).
The value of aP at the end of this earlier run is similar
to the value at the beginning of our present data run [1],
which overlaps it in time.
At the beginning of this earlier data set the total elec-
trical power was ∼122 W. Now where did this added
25 W go? About ∼3 W more went into cable losses.
Of the remaining 22 W, it is expected that ∼7 W went
into added internal Inverter Assembly/TRF losses, ∼13
W into the internal shunt regulator, and only of order
∼2 W into the external shunt radiator. Therefore, in
1981.5 Scheer’s hypothesis should have produced an ef-
fect ∼ (93/57) = 1.6 times that at the end of our run in
1998.5. However, there is no fractional change in size of
aP indicating \most if not all of" the anomalous acceler-
ation. (Also, during this total period any RTG radiant-
heat based systematic [15,16] would have decreased by
13%.)
One can verify these conclusions by consulting the
shunt-current history. After our run started, there was
basically no excess power to get rid of unless instruments
were turned o and on (power-sharing). After 1992.0 the
shunt-current history shows a current between 0.09 and
0.14 Amps with various spikes. (0.9 W is the base in-
ternal shunt power loss.) Before 1990.5 the situation is
approximately as we have described, as can be seen in
Figure 3.
FIG. 3. The Pioneer 10 shunt-current history from 1980.0
to 1991.0. (The data is in bimodal form, with steps of ∼ 0.05
Amps.)
One-half year before the start (1987.0) of our data run,
the external HVM shut o. This mainly external heat
of 3 W then went into internal shunt heat via an ad-
ditional 0.15 W of shunt current. Going into our data
run, one can see the shunt current decaying, and then
the Program Storage and Executables electronics (PSE,
actually) was turned o. Going backwards from 1987.0,
the shunt current increases. The agreement of the data
with our description is clear.
POSSIBLE FUTURE WORK: Of course, at
present these arguments are good to only a few Watts.
We hope to improve upon our knowledge by studying in
detail the instrument/power usage history. But this will
take some time. However, there may be more one can
do to provide an even more precise systematic. After all,
heat in some form remains a primary candidate for an
explanation. It is just that so far no explicit model has
been shown to work.
The latter part of the preliminary data overlaps Inter-
val I of our later data set. Therefore, we can normalize
it to our reported [1] anomalous \experimental" value
of 7.85 U, which was corrected for spin-rate change but
not for other systematics. The limited spin-rate data
we have available in our Pioneer data archives shows no
dramatic or anomalous spin-rate changes before 1989 and
denitely no anomalous long-term change over 1981.5 to
1987.5 (after which our archived spin data is complete).
Does this therefore mean, then, that as we go back to
1981.5 we see a shift in aP of ∼0.6 U?
The answer is not as simply obtained as it might seem.
A shift of ∼0.6 U can not be determined on the basis of
the preliminary analysis. In addition to the other prob-
lems mentioned three paragraphs ago, the analyses used
in the preliminary plot were done before the annual term
was characterized. This annual term is larger closer in
to the Sun [1] and all of the high data points on the
preliminary aP curve are at boundaries of years, when
the annual term is at a maximum. Scheer’s hypothesis
would imply that step-function changes in the heat be-
ing dissipated internally (see Figure 3) would make the
sensitive annual term show anomalies, which is not seen
in our primary data run.
An analysis to clarify all this, although desirable,
would entail much eort [18]
CONCLUSION: In conclusion, we quote from our-
selves [1]. \Until more is known, we must admit that the
most likely cause of this eect is an unknown system-
atic." As for heat, there is no solid explanation in hand
as to how a specic mechanism could work. Most impor-
tantly, the decrease in the heat supply over time should
have been seen by now. It is not. To further quote from
ourselves [1], \... we anticipate that, given our analysis
of the Pioneers, in the future precision orbital analysis
may concentrate more on systematics." This may indeed
be the most important outcome of our analysis, with im-
portant implications for future deep-space missions, in-
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